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A study on the dependence of electron energy distribution function �EEDF� on discharge gap size
in capacitive rf discharges was conducted. The evolution of the EEDF over a gap size range from
2.5 to 7 cm in 65 mTorr Ar discharges was investigated both experimentally and theoretically. The
measured EEDFs exhibited typical bi-Maxwellian forms with low energy electron groups. A
significant depletion in the low energy portion of the bi-Maxwellian was found with decreasing gap
size. The results show that electron heating by bulk electric fields, which is the main heating process
of the low-energy electrons, is greatly enhanced as the gap size decreases, resulting in the abrupt
change of the EEDF. The calculated EEDFs based on nonlocal kinetic theory are in good agreement
with the experiments. © 2007 American Institute of Physics. �DOI: 10.1063/1.2805032�

Radio frequency capacitive discharge is widely used in
material processing because it can easily produce reactive
radicals at low temperature.1 In various low-temperature
plasma processes including polyetch, metal-etch, oxide-etch,
etch-back processes, and deposition, the radicals are known
to be key players influencing the process results. The abso-
lute values of radical densities are closely related to the etch
and deposition rates, while the relative density ratios of the
radicals determine the etch selectivity and film deposition
quality.2 For example, CF2 radical is known as the main
precursor of fluorocarbon film deposition on silicon or sili-
con nitride during dielectric etching with fluorocarbon plas-
mas. The film suppresses silicon etching and increases the
etching selectivity of oxide to silicon. On the other hand, F
radical etches both silicon and oxide. In this case, it is essen-
tial to control density ratio between CF2 and F to achieve a
satisfactory etching selectivity.3

Since primary reactions creating the radicals are
electron-impact dissociations of parent molecules in the gas
phase, the composition of the radicals is predominantly gov-
erned by the number of electrons above the dissociation
threshold energies in an energy space, i.e., electron energy
distribution. Therefore, in order to control the plasma process
and to improve the device performance, one should first ex-
amine the effect of changing external parameter on electron
energy distribution.4 There have been many informative
studies on the dependence of the electron energy distribution
function �EEDF� on external parameters, such as gas
pressure,5 discharge current,6 driving frequency,7 and mag-
netic field.8,9

In this letter, the discharge gap size effect on the EEDF
formation is investigated. We will present EEDFs measured
and calculated at various gap lengths in capacitive rf dis-
charges. The EEDFs at large gap sizes show typical bi-
Maxwellian forms characterized by two distinctive electron
groups with different temperatures. As the gap size de-
creases, the distinction between the two energy groups in the
bi-Maxwellian becomes weak with a number of low energy
electrons disappearing. This indicates that the low energy
electrons are effectively heated at small gap size.

The experiment was performed in a capacitive reactor
described in Ref 10. To acquire the EEDFs, the ac signal
superpositio method and rf compensated Langmuir probe
were used.11 The EEDF measurement was performed at 65
mTorr and 1 A while the gap length changed from 7 cm to
2.5 cm.

The experimental results are presented in Fig. 1. The
EEPFs show bi-Maxwellian distributions with low energy
electron groups caused by nonlocal electron kinetics. The
observed bi-Maxwellian structure is consistent with the pre-
vious measurements at similar conditions to this
experiment.5,6 It can be characterized by a low-temperature
low energy electron group and a high-temperature high en-
ergy electron group. According to the nonlocal electron ki-
netics, the electrons with energy higher than dc ambipolar
potential can reach the sheath region where the stochastic
heating takes place, thereby being strongly heated through
interactions with moving sheath. On the contrary, the low
energy electrons, which cannot overcome the dc potential,
are heated only by bulk electric fields. Since the rf power
transfer to electrons through the bulk heating process is nor-
mally much lower than that through the stochastic heating
process, the temperature of the low energy electrons is lowera�Electronic mail: jhkim86@kriss.re.kr.
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compared to the high energy electrons. The distinction be-
tween the two energy groups is more intensified in Ramsauer
gas discharges such as Ar discharges, due to lower collision
frequency at lower energy.5

As the discharge gap length �L� decreases, the difference
between the two groups becomes obscure, as shown in Fig.
1. Particularly, in the small gap size range of L�3.5 cm, the
EEPF changes considerably with electrons escaping the low
energy region. The electron density of the low energy group
decreases from 6.9�1010 to 6�109 cm−3 and the electron
temperature increases from 0.62 to 1.1 eV, while the high
energy group varies slightly with density from 2.9
�108 to 5.5�108 cm−3 and temperature from 3.5 to 3.3 eV,
as the gap length decreases from 7 to 2.5 cm. This change of
EEDF shows that the heating efficiency of the low energy
electron group by the bulk electric fields is enhanced with
decreasing gap size.

To theoretically examine the mechanism for this efficient
low energy electron heating with different gap sizes, we
solved the following Fokker-Planck equation:12
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where D� is the energy diffusion coefficient describing the
electron heating by the bulk electric field and moving
sheaths, Dee�n� and Vee�n� are the coefficients of diffusion and
dynamical friction caused by electron-electron �neutral� col-
lisions, and I represents inelastic collisions including ioniza-
tion and excitation. Recently, the energy diffusion coefficient
was calculated for a semi-infinite plasma.13 We extended the
theory in Ref. 13 to a finite plasma case and the result is
given as
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where En is the nth Fourier component of the bulk electric
field �E=�nEneiknz ,kn=n� /L�, Vsh is the velocity of the mov-
ing sheath, vz� is the axial component of electron velocity in
the sheath �vz�

2=vz
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2 �, ush=
2e�b /me with �b being a dc

ambipolar barrier potential, � is the Heaviside step function,
�=2��rf and t=vz /v. The summation in Eq. �2� is performed
for odd integers. Neglecting conduction currents and assum-
ing a uniform density nsh inside the sheath region, the veloc-
ity of the moving sheath is given by Vsh=−J0 /ensh, where J0
is a rf discharge current density through the bulk plasma.14–17

The electric field can be determined from current conserva-
tion in a similar way as that in Ref. 13 and is given by
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n − i�/4�
, �3�

where Jn=−�2i /n��J0 is the Fourier component of the rf
discharge current density,


n = −
ie2

4�
�me

2
�1/2� vz

� + i�en − knvz

�fe

�vz
d3v , �4�

	n =
kn

2�nsh
�me

2
�3/2� vzvz���	vz	 − ush�

� + i�en − knvz

�fe

�vz
d3v . �5�

Details of the derivation for the above results will be pre-
sented elsewhere.

The calculation results for E, D�, and fe under the same
conditions as in the experiment are presented in Figs. 2 and
3. Here, we used the measured EEPFs in Fig. 1 when calcu-
lating 
n and 	n. According to Ref. 18, the ambipolar poten-
tial �b and sheath characteristics are closely related to the
high energy electron temperature �T1�. However, it is very
difficult and complicated problem to find an exact relation-
ship between them. In this work, to avoid complexity, we
used an “ansatz” �b=AT1 with a constant A and adapted A
=0.8 as a value to give calculation results closest to experi-
ments. Figure 2�a� shows the magnitude of spatially aver-
aged electric field at various gap lengths. As stated before,
the electric field strength increases with decreasing gap
length. In Fig. 2�b�, the energy diffusion coefficients corre-
sponding to the electric fields in Fig. 2�a� are plotted. The
abrupt increase of D� starts from �=e�b by the inclusion of a
stochastic sheath heating term. For low energy electrons of
��e�b, D� in Eq. �2� depends only on the bulk electric field
E. In Figs. 2�a� and 2�b�, we can see that D� in the low
energy region increases as E increases.

Figure 3 shows the calculated EEPFs using D� in Fig.
2�b� and measured densities. The EEPFs in Fig. 3 are quali-
tatively well consistent with the experimental results in Fig.
1. As the gap length decreases, the population of low energy
electrons diminishes. Coincidently with the experiments, the

FIG. 1. Measured EEPFs for various gap lengths at 65 mTorr and 1 A.

FIG. 2. �a� Spatially averaged electric field strength 	E�	 as a function of L
and �b� electron energy diffusion coefficients for various discharge gap
lengths.
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change of the EEPFs is considerable in the range of L
�3.5 cm. This is ascribed to the increase of D� in the low
energy region accompanied by the bulk electric field en-
hancement, as mentioned in Fig. 2.

In order to estimate the degree of the bulk fraction of
electron heating, we calculated a power density ratio
Pbulk / Ptot as a function of L, where Ptot=
−�0

��1/2D��dfe /d��d� is the total absorbed power density and
Pbulk=−�0

��1/2D�,bulk�dfe /d��d� represents absorbed power
density only through the bulk electric fields. Here, we de-
fined D�,bulk as D� with Vsh=0 in Eq. �2� and used the mea-
sured EEPFs in Fig. 1. The results are plotted in Fig. 4,
where one can see that the power absorption through the
bulk heating process increases dramatically while decreasing
L for L�3.5 cm. A similar result, discharge power absorp-
tion increases with decreasing discharge gap influencing the
EEDFs, has been found in inductively coupled discharge, but
the result originated from the electron bounce resonance, not
from the enhancement of collisional heating in the bulk.19

In conclusion, through the EEDF measurement of a low-
pressure capacitive Ar discharge, we observed the efficient
heating for low energy electrons induced by the gap size
effect. The low energy electrons, which are unable to interact
with moving sheath, are heated only by bulk electric fields. It
is shown that the reduction of the gap size raises the bulk
electric field strength and, accordingly, enhances the low en-
ergy electron heating. The calculated EEDFs based on the
kinetic theory are in good agreement with the experiments.
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FIG. 4. Gap length dependence of Pbulk / Ptot.
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